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INTRODUCTION 

Very l i t t l e  research  has been done t o  e x p l o r e  commercial a p p l i c a t i o n  o f  
t h e  thermochemical d e g r a d a t i o n  o f  po l ysacchar ide  m a t e r i a l s  t o  o r g a n i c  a c i d s  i n  
a l k a l i n e  s o l u t i o n .  Much o f  t h e  work on a l k a l i n e  degrada t ion  o f  
po l ysacchar ides  has been conducted a t  100°C or l ower  t o  i n v e s t i g a t e  mechanisms 
o f  deg rada t ion ,  r e a c t i o n  t e r m i n a t i o n  and t h e  e f f e c t s  o f  m o l e c u l a r  s t r u c t u r e  
(1-4). However, l i t t l e  conve rs ion  o f  po l ysacchar ides  t o  a c i d s  occurs a t  these 
low temperatures.  Most i n v e s t i g a t i o n s  a t  h i g h e r  temperatures have i n v o l v e d  
s tudy  o f  t h e  a l k a l i n e  p u l p i n g  process a t  app rox ima te l y  170OC (5 .6) .  where 
po lysacchar ide  d e g r a d a t i o n  i s  l i m i t e d  and n o t  d e s i r e d .  Chesley e t  a l .  ( 7 )  
proposed a commercial method f o r  p roduc ing  f o r m i c ,  a c e t i c ,  g l y c o l i c  and l a c t i c  
a c i d s  f rom c e l l u l o s i c  m a t e r i a l s .  However, optimum process parameters were n o t  
c l e a r ,  k i n e t i c  d a t a  was n o t  ob ta ined ,  a d d i t i o n a l  a c i d s  were n o t  i d e n t i f i e d ,  
and most o f  t h e  s t a r t i n g  p o l y s a c c h a r i d e  m a t e r i a l  was n o t  accounted f o r .  More 
recen t  work has p r o v i d e d  a d d i t i o n a l  i n f o r m a t i o n  on t h e  thermochemical 
deg rada t ion  o f  c e l l u l o s e  t o  o r g a n i c  a c i d s  a t  r e a c t i o n  c o n d i t i o n s  o f  p r a c t i c a l  
i n t e r e s t  ( 8 . 9 ) .  However, no a d d i t i o n a l  o r g a n i c  a c i d s  were i d e n t i f i e d ,  and the  
a c i d  p r o d u c t i o n  d a t a  was d i f f i c u i t  io i n t e r p r e t  because o f  i o n g  heat-up 
t imes.  No d a t a  has been r e p o r t e d  f o r  t h e  i m p o r t a n t  po l ysacchar ide ,  s t a r c h ,  a t  
r e a c t i o n  c o n d i t i o n s  o f  p r a c t i c a l  i n t e r e s t .  

The o b j e c t  o f  t h i s  s t u d y  was t o  o b t a i n  and compare k i n e t i c  data f o r  t he  
thermochemical d e g r a d a t i o n  o f  s t a r c h  and c e l l u l o s e  t o  o rgan ic  a c i d s  i n  
a l k a l i n e  s o l u t i o n .  Reac t ion  c o n d i t i o n s  l e a d i n g  t o  s u b s t a n t i a l  o r  complete 
deg rada t ion  i n  s h o r t  t imes  were s e l e c t e d  so t h a t  t h e  r e s u l t s  c o u l d  have 
p r a c t i c a l  a p p l i c a t i o n  t o  t h e  p r o d u c t i o n  o f  o rgan ic  ac ids .  Data f o r  t h e  
f o r m a t i o n  o f  seven i d e n t i f i e d  a c i d s  were a l s o  c o l l e c t e d  t o  a l l o w  d e t e r m i n a t i o n  
o f  r e a c t i o n  c o n d i t i o n s  l e a d i n g  t o  optimum y i e l d s .  The r e a c t i o n  system used i n  
a p rev ious  s t u d y  (8 )  was m o d i f i e d  t o  a l l o w  r a p i d  a t t a i n m e n t  o f  r e a c t i o n  
temperatures,  t h u s  making k i n e t i c  d a t a  more e a s i l y  analyzed.  
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EXPERIMENTAL 

M a t e r i  a1 s 

S t a r c h  used i n  experiments was commerc ia l ,  food-grade s t a r c h  (CPC 
I n t e r n a t i o n a l  I n c .  Englewood C l i f f s ,  NJ) hav ing  a m o i s t u r e  c o n t e n t  o f  13%. 
C e l l u l o s e  was purchased commerc ia l ly  as a h i g h l y  p u r i f i e d ,  f i n e l y  powdered 
p r o d u c t  ( C e l l u l a y - C e l l u l o s e ,  U n i t e d  S t a t e s  Biochemical  Corp., C leve land ,  OH) 
and had a m o i s t u r e  c o n t e n t  o f  6%.  

Formic a c i d  (88%) ( F i s h e r  S c i e n t i f i c  Co.. F a i r  Lawn, NJ), g l a c i a l  a c e t i c  
a c i d  ( J .  T .  Baker Chemical Co., P h i l l i p s b u r g ,  NJ), g l y c o l i c  a c i d ,  L ( + ) - l a c t i c  
a c i d  (grade L - l ) ,  DL-a-hydroxybutyr ic  a c i d  (sodium s a l t ) ,  a-hydroxy-  
i s o b u t y r i c  a c i d  and DL-a-hydroxyvaler ic  a c i d  (sodium s a l t )  (Sigma Chemical 
Co.. S t .  Lou is ,  MO) were used as s tandards i n  HPLC and GC ana lyses .  G l u t a r i c  
a c i d  ( M a l l i n c k r o d t ,  I n c . ,  S t .  Lou is ,  MO) was used as an i n t e r n a l  s tandard  i n  
t h e  GC analyses.  Boron t r i f l u o r i d e  (14% i n  p ropano l )  (Eastman Kodak Co., 
Rochester, NY) was used as a d e r i v a t i z i n g  agent  t o  produce p r o p y l  e s t e r s  o f  
t h e  o rgan ic  a c i d s  f o r  GC analyses.  

React ions 

A l l  r e a c t i o n s  were per formed under  n i t r o g e n  i n  a 1-L m a g n e t i c a l l y  s t i r r e d  
au toc lave  equipped w i t h  a c o o l i n g  c o i l  (Model AFP 1005, Autoc lave Engineers,  
E r i e ,  P A ) .  Each exper iment  was r u n  by  f i r s t  adding 1679 o f  aqueous s o l u t i o n  
c o n t a i n i n g  l o g  o f  NaOH t o  t h e  au toc lave  and h e a t i n g  t h e  sea led  a u t o c l a v e  t o  
t h e  d e s i r e d  temperature p l u s  5-10". A we l l -m ixed  s l u r r y  o f  l o g  o f  s t a r c h  o r  
c e l l u l o s e  ( m o i s t u r e  f r e e )  i n  859 o f  wa te r  was then  added t o  an a d j a c e n t  
Kuentze l  vessel  (Vessel  KD-19.3-SSl1, Au toc lave  Engineers,  E r i e  PA) which had 
t u b i n g  w i t h  a b a l l  va l ve  l e a d i n g  f rom i t s  bo t tom t o  t h e  s t i r r e d  a u t o c l a v e .  
l h e  t u b i n g  extended th rough  t h e  head o f  t h e  s t i r r e d  a u t o c l a v e  t o  be low t h e  
s u r f a c e  o f  t h e  a l k a l i n e  s o l u t i o n .  A f t e r  a d d i t i o n  o f  t h e  s t a r c h  o r  c e l l u l o s e  
s l u r r y ,  t h e  Kuentze l  vessel  was q u i c k l y  sea led  and connected t o  a n i t r o g e n  
c y l i n d e r .  The Kuentze l  vessel  was pressured t o  100 p s i  above t h e  p ressu re  i n  
t h e  s t i r r e d  au toc lave ,  and t h e  s t a r c h  o r  c e l l u l o s e  s l u r r y  was i n j e c t e d  i n t o  
t h e  h o t  a l k a l i n e  s o l u t i o n  i n  t h e  s t i r r e d  a u t o c l a v e  by opening t h e  b a l l  v a l v e .  
The r e s u l t i n g  s o l u t i o n  volume was 250ml and i t  con ta ined  l o g  o f  s t a r c h  o r  
c e l l u l o s e  (0.25M based on g lucose monomer) and l o g  o f  NaOH (1.00N). T h i s  
s o l u t i o n  dropped below t h e  t a r g e t  r e a c t i o n  tempera tu re  f o r  a s h o r t  t ime ,  b u t  
r e t u r n e d  t o  t h e  d e s i r e d  temperature i n  1-3 rnin. The r e a c t i o n  was t i m e d  f r o m  
t h e  moment o f  i n j e c t i o n .  

Experiments were conducted a t  temperatures between 180 and 30D°C, and t h e  
r e a c t a n t s  were h e l d  a t  t h e  s e l e c t e d  tempera tu re  f o r  v a r y i n g  t imes  t o  de te rm ine  
t h e  e f f e c t  o f  r e a c t i o n  t ime.  The tempera tu re  dropped q u i c k l y  upon f l o w  o f  
w a t e r  t h rough  t h e  c o o l i n g  c o i l  and removal o f  t h e  au toc lave  h e a t e r .  The t i m e  
r e q u i r e d  t o  c o o l  t h e  r e a c t a n t s  t o  be low 100°C was 5-15 min.  

A f t e r  c o o l i n g  t o  room temperature,  t h e  au toc lave  was opened and t h e  
r e a c t i o n  p roduc ts  were suc t i oned  o u t .  I n  t h e  case o f  c e l l u l o s e ,  any un reac ted  
m a t e r i a l  appeared as a s o l i d  res idue  i n  t h e  r e a c t i o n  s o l u t i o n .  Any r e s i d u e  
was f i l t e r e d  f rom t h e  r e a c t i o n  s o l u t i o n  and then  e x t r a c t e d  w i t h  w a t e r .  The 
f i l t r a t e  was combined w i t h  e x t r a c t ,  and an a l i q u o t  o f  t h e  combined s o l u t i o n  
was t i t r a t e d  f o r  t o t a l  o rgan ic  ac ids .  The s o l i d  r e s i d u e  was d r i e d  a t  40°C f o r  
24 h r .  i n  a f o r c e d - a i r  oven and then  a t  98°C f o r  24 h r .  i n  a vacuum oven. I n  
t h e  case o f  s t a r c h ,  any unreacted s t a r c h  was s o l u b l e  i n  t h e  a l k a l i n e  p r o d u c t  
s o l u t i o n .  An a l i q u o t  of t h e  s o l u t i o n  was t i t r a t e d  f o r  t o t a l  a c i d s .  Unreacted 
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s t a r c h  was p r e c i p i t a t e d  q u a n t i t a t i v e l y  w i t h  acetone (10) .  A 5.09 a l i q u o t  o f  
t h e  p roduc t  s o l u t i o n  was n e u t r a l i z e d  w i t h  2.ON HC1 t o  pH 7 and 25ml o f  acetone 
was added. A f t e r  s i t t i n g  o v e r n i g h t ,  t h e  s t a r c h  p r e c i p i t a t e  was separated by 
c e n t r i f u g a t i o n ,  washed w i t h  20ml o f  a 1:3 acetone-water  s o l u t i o n ,  separated 
a g a i n  by c e n t r i f u g a t i o n ,  and f i n a l l y  d r i e d  i n  t h e  same manner as f o r  c e l l u l o s e  
s o l i d  r e s i d u e .  

H i  gh-Perf ormance L i qu i d Chroma t o g  rap h y  

F i l t e r e d  p r o d u c t  s o l u t i o n s  from r e a c t i o n s  w i t h  s t a r c h  and c e l l u l o s e  were 
analyzed u s i n g  a Waters Associates h igh-per formance l i q u i d  chromatograph model 
ALC 201 equipped w i t h  a r e f r a c t i v e  i ndex  d e t e c t o r  model R-401 (Waters 
Associates,  M i l f o r d ,  MA) t o  i d e n t i f y  w a t e r - s o l u b l e  p roduc ts .  T h i s  was 
accomplished by match ing r e t e n t i o n  t i m e s  o f  p roduc t  compound peaks w i t h  
r e t e n t i o n  t imes  o f  s tandards.  A 300 nun x 7.8 mn Aminex HPX-87H o rgan ic  a c i d  
a n a l y s i s  column (Bio-Rad Labora to r ies ,  Richmond. CA) was used. E l u t i o n  was 
c a r r i e d  o u t  a t  60°C u s i n g  0.002N H SO a t  a f l o w  r a t e  o f  0.5 ml/min. Data 
a c q u i s i t i o n  f r o m  t h e  ch romatog rap t i?  system was by t h e  Hewlet t -Packard 
i n t e g r a t i n g  r e c o r d e r  model 3388A ( H e w l e t t  Packard Co., Palo A l t o ,  C A ) .  

Gas Chromatography 

To v e r i f y  t h e  compounds i d e n t i f i e d  b y  HPLC, b o t h  s tandards and p roduc t  
s o l u t i o n s  were conver ted  t o  t h e i r  p r o p y l  e s t e r s  w i t h  BFg-propanol acco rd ing  
t o  t h e  method o f  Sa lw in  and Bond (11) .  A n a l y s i s  o f  t h e  e s t e r i f i e d  compounds 
was per formed o n  a H e w l e t t  Packard 5880A gas chromatograph equipped w i t h  a 
f lame i o n i z a t i o n  d e t e c t o r  and a bonded Superox FA ( A l l t e c h  Assoc..  I n c .  
O e e r f i e l d ,  I L )  f u s e d - s i l i c a  c a p i l l a r y  column (25m x 0.25mn I.O., 0.2 pm f i l m  
t h i c k n e s s ) .  The tempera tu re  program was 100°C t o  24OOC a t  5"C/min and 10 min 
a t  240'C. The i n j e c t o r  temp was 225'C and t h e  d e t e c t o r  temp was 300°C. 
C a r r i e r  f l o w  (He) was 1.0 ml/min. I n j e c t i o n  volume was 1 ~ 1  w i t h  a s p l i t  
r a t i o  o f  8O: l .  

RESULTS AN0 DISCUSSION 

Degrada t ion  o f  S t a r c h  and C e l l u l o s e  

An a n a l y s i s  o f  t h e  d a t a  was per formed t o  de te rm ine  whether  s t a r c h  and 
c e l l u l o s e  d e g r a d a t i o n  i n  a l k a l i n e  s o l u t i o n  c o u l d  be desc r ibed  by  second-order 
k i n e t i c s  a c c o r d i n g  t o  t h e  equa t ions :  

p o l y s a c c h a r i d e  + N - a l k a l i  - produc ts  1 )  

1 n L  = I n  M + Cp (M-N)kat 
CP 

H = cao/cpo 
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where k, i s  t h e  r e a c t i o n  r a t e  c o n s t a n t  f o r  s t a r c h  o r  c e l l u l o s e  i n  a l k a l i n e  
s o l u t i o n .  C p  i s  t h e  c o n c e n t r a t i o n  o f  s t a r c h  o r  c e l l u l o s e ,  Cpo i s  t h e  
c o n c e n t r a t i o n  o f  s t a r c h  o r  c e l l u l o s e  a t  t=O.  Ca i s  t h e  c o n c e n t r a t i o n  o f  
a l k a l i ,  C, i s  t h e  c o n c e n t r a t i o n  o f  a l k a l i  a t  t = O .  t i s  t h e  r e a c t i o n  t i m e ,  and 
N i s  th% s t o i c h i o m e t r i c  r e a c t a n t  r a t i o  between hyd rox ide  i o n  and 
po lysacchar ide .  

The c a t a l y t i c  e f f e c t  o f  t h e  hyd rox ide  i o n  would n o r m a l l y  be rep resen ted  as 
p a r t  o f  t h e  r e a c t i o n  r a t e  c o n s t a n t  (k,) f o r  each temperature,  because 
c a t a l y s t  c o n c e n t r a t i o n  n o r m a l l y  remains c o n s t a n t .  However, i n  t h e  case o f  
a l k a l i n e  d e g r a d a t i o n  o f  s t a r c h  o r  c e l l u l o s e ,  o r g a n i c  a c i d s  a r e  produced wh ich  
a r e  conver ted  t o  t h e i r  s a l t s  by t h e  a l k a l i  p resen t ,  t hus  r e d u c i n g  t h e  
hyd rox ide  i o n  c o n c e n t r a t i o n .  Therefore,  i t  seemed t h a t  t h i s  d e g r a d a t i o n  
r e a c t i o n  c o u l d  be rep resen ted  by  second-order k i n e t i c s ,  w i t h  t h e  hyd rox ide  i o n  
c o n c e n t r a t i o n  determined by  t h e  s t o i c h i o m e t r y  o f  conve rs ion  o f  s t a r c h  o r  
c e l l u l o s e  t o  o rgan ic  a c i d s .  

F igu res  1 and 2 show exper imen ta l  d a t a  p l o t t e d  a c c o r d i n g  t o  Equa t ion  3 on 
s e m i l o g a r i t h m i c  graphs t o  determine a p p l i c a b i l i t y  o f  second-order k i n e t i c s .  
The l i n e a r  p l o t s  i n d i c a t e  t h a t  t h e  r e s u l t s  conform t o  second-order k i n e t i c s  
q u i t e  w e l l .  Table I shows t h e  r e a c t i o n  parameters determined f o r  each 
tempera tu re  p l o t t e d  i n  F igu res  1 and 2. 

Tab le  I. Reac t ion  Parameters f o r  A l k a l i n e  Degrada t ion  

S t a r c h  C e l l u l o s e  

T N ka  N ka  
" C  l i t e r h o l e  min.  l i t e r h o l e  m i n  

180 1.44 0.0026 2.09 0.0034 
200 1.17 0.0243 1.85 0.0194 
220 1 . l b  0.1334 1.71 0.1189 
240 1 . l b  0.3733 1.59 0.6000 

I n t e r e s t i n g l y ,  a l t h o u g h  M = Cao/Cpo = 4.0 f o r  b o t h  s t a r c h  and c e l l u l o s e ,  
e x t r a p o l a t i n g  t h e  da ta  p l o t t e d  i n  F igu res  1 and 2 back t o  t = 0 g i v e s  M = 5.0 
f o r  s t a r c h  and M = 4.6 f o r  c e l l u l o s e .  Thus. W i nc reased  f r o m  4.0 t o  5.0 f o r  
s t a r c h  and 4.b f o r  c e l l u l o s e  i n  ve ry  l i t t l e  o r  no t i m e  i n s t e a d  o f  t h e  expected 
f i n i t e  t i m e .  Cons ide r ing  t h a t  M e v e n t u a l l y  reaches i n f i n i t y  f o r  t h e  systems 
s tud ied ,  t h i s  rep resen ts  a smal l  f r a c t i o n  o f  more e a s i l y  degraded 
po lysacchar ide .  The r e s u l t s  o f  t h i s  paper  a p p l y  t o  t h e  more r e s i s t a n t  
f r a c t i o n s  o f  s t a r c h  and c e l l u l o s e ,  wh ich  c o n s t i t u t e  t h e  b u l k  o f  t hose  
po lysacchar ides .  

F i g u r e  3 shows t h e  r e a c t i o n  r a t e  cons tan ts  determined f rom t h e  s lopes  o f  
t h e  l i n e s  i n  F igu res  1 and 2 p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  o f  a b s o l u t e  
temperature on a s e m i l o g a r i t h m i c  graph.  The s lope  o f  t h e  l i n e  th rough  t h e  
p o i n t s  a l l o w s  d e t e r m i n a t i o n  o f  t h e  r e a c t i o n  a c t i v a t i o n  energy a c c o r d i n g  t o  t h e  
A r rhen ius  equat ion:  k = ko e exp (-E/RT). The va lue  o f  E determined i n  
t h i s  manner i s  39,500 c a l o r i e s h o l e ,  which appears t o  a p p l y  e q u a l l y  w e l l  t o  
t h e  degrada t ion  o f  s t a r c h  o r  c e l l u l o s e .  
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P r o d u c t i o n  o f  Organic  Ac ids 

The va lues  o f  N c a l c u l a t e d  f o r  s t a r c h  and c e l l u l o s e  shown i n  Table I 
r e v e a l  t h a t  as  t h e s e  po lysacchar ides  were degraded by a l k a l i ,  a s m a l l e r  number 
of o rgan ic  a c i d  mo lecu les  w e r e  formed f rom each g lucose  monomer i n  s t a r c h  
compared t o  c e l l u l o s e .  T h i s  means t h a t  t h e  o rgan ic  a c i d s  produced i n i t i a l l y  
f r o m  s t a r c h  had a g r e a t e r  m o l e c u l a r  w e i g h t  t han  those  produced From 
c e l l u l o s e .  Th is  i s  i l l u s t r a t e d  c l e a r l y  i n  F i g u r e  4, which shows e q u i v a l e n t s  
o f  o rgan ic  a c i d s  produced f rom t h e  d e g r a d a t i o n  o f  s t a r c h  o r  c e l l u l o s e  as a 
f u n c t i o n  o f  t ime .  A l though  s t a r c h  and c e l l u l o s e  degrade a t  t h e  same r a t e ,  t h e  
r a t e  of t o t a l  o r g a n i c  a c i d  f o r m a t i o n  was l e s s  f o r  s t a r c h ,  and fewer  
e q u i v a l e n t s  o f  o r g a n i c  a c i d s  were produced i n  a g i v e n  t i m e  f r o m  s t a r c h  t h a n  
f r o m  c e l l u l o s e .  The r e l a t i v e  d i f f e r e n c e  decreased as t h e  temperature 
increased,  and a t  h i g h e r  temperatures t h e  d i f f e r e n c e  i n  t o t a l  e q u i v a l e n t s  of 
o rgan ic  a c i d s  produced d isappeared a t  s h o r t  t imes .  A maximum c o n c e n t r a t i o n  of t  
app rox ima te l y  0.45 e q u i v a l e n t s / L  o f  t o t a l  o r g a n i c  a c i d s  was produced f o r  b o t h  
s t a r c h  and c e l l u l o s e  f o r  t h e  r e a c t i o n  systems s t u d i e d .  Apparen t l y ,  i n  s t a r c h  
degradat ion.  t h e  i n i t i a l l y  l a r g e r  mo lecu les  o f  o r g a n i c  a c i d s  e v e n t u a l l y  break 
down i n t o  a l a r g e r  number o f  s m a l l e r  o r g a n i c  a c i d s .  There fo re ,  t h e  t o t a l  
o r g a n i c  a c i d  f o r m a t i o n  f o r  s t a r c h  u l t i m a t e l y  equa ls  t h a t  f o r  c e l l u l o s e .  S ince 
t h e  s t a r t i n g  c o n c e n t r a t i o n  o f  s t a r c h  and c e l l u l o s e  was 0.25 mol /L  based on t h e  
g lucose  monomer, t h e  average e q u i v a l e n t  w e i g h t  f o r  t h e  o r g a n i c  a c i d s  produced 
i s  (0 .25 ) (180 ) / (0 .45 )  = 10Og/eq. T h i s  assumes t h a t  a l l  t h e  po lysacchar ide  
m a t e r i a l  degrades t o  a c i d s .  

The HPLC chromatograms o f  t h e  a l k a l i n e  degrada t ion  p roduc ts  o f  s t a r c h  and 
c e l l u l o s e  were q u i t e  s i m i l a r .  Based on r e t e n t i o n  t imes  o f  s tandards,  f o r m i c ,  
a c e t i c ,  g l y c o l i c ,  l a c t i c ,  2 -hyd roxybu ty r i c  and 2 -hyd roxyva le r i c  a c i d s  were 
i d e n t i f i e d .  The GC chromatograms o f  t h e  p r o p y l  e s t e r s  o f  t h e  s t a r c h  and 
c e l l u l o s e  chromatograms were a l s o  q u i t e  s i m i l a r .  S ince GC gave much b e t t e r  
s e p a r a t i o n  o f  d e g r a d a t i o n  p roduc ts  t h a n  HPLC, t h e  GC chromatograms were used 
t o  c a l c u l a t e  t h e  y i e l d s  o f  g l y c o l i c ,  l a c t i c ,  2 -hyd roxybu ty r i c  and 
2 -hyd roxyva le r i c  a c i d s .  Formic and a c e t i c  were h idden  under  t h e  GC s o l v e n t  
peak; thus,  t h e i r  y i e l d s  w e r e  determined f r o m  t h e  HPLC chromatograms. I n  
a d d i t i o n ,  2 - h y d r o x y i s o b u t y r i c ,  which was h idden  under  t h e  HPLC l a c t i c  peak, 
was i d e n t i f i e d  and q u a n t i f i e d  w i t h  GC. Tables I 1  and 111 g i v e  t h e  maximum 
y i e l d s  o f  t hese  a c i d s  a t  seve ra l  t empera tu res .  The co r respond ing  t imes a t  
temperatures t o  a c h i e v e  maximums a r e  i n c l u d e d  i n  t h e  headings. 

Table 11. Maximum Organic  Ac id  Y i e l d s  f rom Degradat ion o f  S ta rch  
i n  A l k a l i n e  S o l u t i o n  

Y i e l d s ( l )  % 
240'C 2bO°C 280°C 300°C 
30 m in (2 )  30 m in  20 min 5 min 

Formic 10.5 10.9 10.5 10.2 
A c e t i c  1 .b 1.9 2.3 2.1 
G l y c o l i c  3.4 4.5 5.3 5.6 
L a c t i c  16.9 17.5 19.1 19.0 
2-Hydroxybutyr ic  2.3 2.9 3. b 3.6 

2.7 2.5 

lBased on s t a r t i n g  d r y  w e i g h t  o f  s t a r c h  
ZHaximum n o t  y e t  a t t a i n e d  152 



Table 111. Maximum Organic  A c i d  Y i e l d s  f rom Degradat ion o f  C e l l u l o s e  
i n  A l k a l i n e  S o l u t i o n  

Y i e l d s ( l )  % 
240'C 260°C 280°C 300°C 
32 min 18 min 6 min 3 m in  

Formic 10.8 10.9 10.7 10.2 
A c e t i c  1 .b 1.9 1.1 1.7 
G l y c o l i c  4.6 4.8 5.5 5.2 
L a c t i c  19.8 19.9 20.4 18.5 
2-Hydroxybutyr i  c 3.4 3.3 3.5 3.4 
2-Hydroxyi s o b u t y r i  c 2.1 2.1 2.1 1.9 
2-Hydroxyval e r i  c - 1.3 _ _  1.6 1.4 - 1.3 

T o t a l  43.6 44.5 45.3 42.2 

lEased on s t a r t i n g  d r y  w e i g h t  o f  c e l l u l o s e  

C o n s i s t e n t  w i th  t h e  r e s u l t s  f o r  r a t e s  of t o t a l  a c i d s  produced shown i n  F i g u r e  
4, i t  took  a l o n g e r  t i m e  t o  reach t h e  maximum y i e l d s  s t a r t i n g  w i t h  s t a r c h  
compared t o  c e l l u l o s e .  The maximum y i e l d s  o f  t h e  i d e n t i f i e d  p r o d u c t  a c i d s  a t  
each temperature were q u i t e  s i m i l a r  f o r  s t a r c h  and c e l l u l o s e  s t a r t i n g  
m a t e r i a l s .  The t i m e  r e q u i r e d  t o  reach  t h e  maximum y i e l d s  decreased as 
temperature increased.  The t r a d e - o f f  i s  t h e  h i g h e r  o p e r a t i n g  p ressu re  a t  
h i g h e r  temperature.  The t o t a l  y i e l d s  o f  t h e  i d e n t i f i e d  a c i d s  appear t o  reach  
an optimum a t  app rox ima te l y  280°C f o r  b o t h  s t a r c h  and c e l l u l o s e .  

The s i m i l a r i t y  i n  maximum y i e l d s  f o r  t h e  i d e n t i f i e d  p r o d u c t  a c i d s  f r o m  
s t a r c h  and c e l l u l o s e  suggests s i m i l a r  or i d e n t i c a l  r e a c t i o n  pathways. The 
s lower  r a t e  f o r  a c i d  f o r m a t i o n  f r o m  s t a r c h  c o u l d  be e x p l a i n e d  by d i s s o l v e d  
s t a r c h  polymer o r  p a r t i a l l y  degraded s t a r c h  polymer i n t e r f e r i n g  w i t h  
a d d i t i o n a l  deg rada t ion  of  i n i t i a l  conve rs ion  p roduc ts ,  The g r e a t e r  ease w i t h  
which s t a r c h  polymer d i s s o l v e s  i n  a l k a l i n e  s o l u t i o n  compared t o  c e l l u l o s e  i s  
c o n s i s t e n t  w i t h  t h i s  p o s s i b i l i t y .  

A l though s i g n i f i c a n t  amounts o f  o t h e r  o r g a n i c  a c i d s  a r e  produced, l a c t i c  
a c i d  i s  t h e  major  p r o d u c t  f o r  t h e  r e a c t i o n  c o n d i t i o n s  s t u d i e d .  As w e l l  as 
hav ing  numerous d i r e c t  uses, l a c t i c  a c i d  has t h e  p o t e n t i a l  o f  b e i n g  an 
i m p o r t a n t  i n t e r m e d i a t e  i n  t h e  p r o d u c t i o n  of o t h e r  v a l u a b l e  p roduc ts  (12,  13 ) .  
P r e l i m i n a r y  economic a n a l y s i s  i n d i c a t e s  t h a t  p r o d u c t i o n  o f  l a c t i c  a c i d  f r o m  
a l k a l i n e  degrada t ion  of c e l l u l o s e  has economic m e r i t  ( 9 ) .  It i s  a l s o  
conce ivab le  t h a t  a l l  t h e  hydroxy a c i d s  produced c o u l d  be used t o g e t h e r  w i t h o u t  
s e p a r a t i o n  t o  produce p o l y e s t e r  m a t e r i a l s .  

CONCLUSIONS 

S ta rch  and c e l l u l o s e  can b o t h  be the rmochemica l l y  degraded i n  a l k a l i n e  
s o l u t i o n  t o  water  s o l u b l e  compounds o f  r e l a t i v e l y  l ow  m o l e c u l a r  w e i g h t .  ( A  
p a r a l l e l  s tudy  examines more comp le te l y  t h e  n a t u r e  o f  t hese  compounds ( 1 4 ) . )  
Both s t a r c h  and c e l l u l o s e  degrada t ion  processes can be desc r ibed  by 
second-order k i n e t i c s ,  w i t h  t h e  hyd rox ide  i o n  c o n c e n t a t i o n  determined by t h e  
s t o i c h i o m e t r y  o f  po l ysacchar ide  convers ion  t o  o rgan ic  a c i d s .  The 
thermochemical deg rada t ion  a c t i v a t i o n  energy i n  a l k a l i n e  s o l u t i o n  f o r  b o t h  
s t a r c h  and c e l l u l o s e  i s  39,500 ca lo r i es /mo le .  
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The p r o d u c t i o n  of o r g a n i c  a c i d s  f rom s t a r c h  proceeds more s l o w l y  than  f rom 
c e l l u l o s e .  U l t i m a t e l y .  however, t h e  y i e l d s  of a c i d s  a r e  q u i t e  s i m i l a r  f rom 
bo th .  Formic,  a c e t i c ,  g l y c o l i c ,  l a c t i c .  2 -hyd roxybu ty r i c ,  2 -hyd roxy i sobu ty r i c  
and 2 -hyd roxyva le r i c  a c i d s  a r e  produced i n  s i g n i f i c a n t  amounts. The maximum 
y i e l d  o f  l a c t i c  a c i d  i s  app rox ima te l y  20%. and t h e  maximum sum t o t a l  y i e l d  o f  
a l l  i d e n t i f i e d  a c i d s  i s  a p p r o x i m a t e l y  45% f o r  t h e  c o n d i t i o n s  i n v e s t i g a t e d .  

I n c r e a s i n g  t h e  y i e l d s  o f  t h e  d e s i r a b l e  a c i d s  produced f rom t h e  
thermochemical, a l k a l i n e  degrada t ion  o f  po l ysacchar ides  w i l l  r e q u i r e  
a d d i t i o n a l  unders tand ing  o f  t h e  r e a c t i o n  mechanisms and k i n e t i c s  i n v o l v e d .  
A d d i t i o n a l  research  shou ld  a l s o  proceed t o  de te rm ine  t h e  e f f e c t  o f  o t h e r  bases 
and supp lemen ta t i on  o f  a l k a l i  c a t a l y s i s  by  o t h e r  c a t a l y t i c  m a t e r i a l s .  
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Figure 1 .  Effect of time on thermochemical degradation o f  starch in alkaline 
solution according to Eq. 3. 
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Figure 2. Effect of time on thermocnemical degradation of cellulose in 

alkaline solution according to Eq. 3. 
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F igure  3 .  R e l a t i o n  of  second-order r e a c t i o n  r a t e  constants f o r  starch  and 
c e l l u l o s e  t o  temperature according t o  Arrhenius equat ion.  
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E f f e c t  o f  t ime  on organic a c i d  product ion from thermochemical 
degradat ion  o f  s ta rch  and c e l l u l o s e  i n  a l k a l i n e  s o l u t i o n .  
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